Background The individual risk of recurrence in hormone receptor-positive primary breast cancer patients determines whether adjuvant endocrine therapy should be combined with chemotherapy. Clinicopathological parameters and molecular tests such as EndoPredict Ò (EPclin) can support decision making in patients with estrogen receptor-positive, human epidermal growth factor receptor 2 (HER2)-negative cancer. Objective Using a life-long Markov state transition model, we determined the health economic impact and incremental cost effectiveness of EPclin-based risk stratification in combination with clinical guidelines [German-S3, National Comprehensive Cancer Center Network (NCCN), and St. Gallen] to decide on chemotherapy use.
patients. Compared with the current German best practice (German-S3), combinations of EPclin with the St. Gallen, German-S3 or NCCN guideline and EPclin alone were dominant from the perspective of the German healthcare system.
Key Points for Decision Makers
In current practice, clinical and pathological factors, but also molecular tests, are used to assess the individual risk of recurrence among early estrogen receptor-positive, human epidermal growth factor receptor 2 (HER2)-negative breast cancer patients.
It is of utmost importance that patients with a low risk of recurrence are identified to avoid unnecessary chemotherapy resulting in only marginal risk reduction and bearing a risk of significant toxicities.
By using a life-long Markov state transition model, we show that molecular markers such as EndoPredict Ò can sensibly be combined with clinical guidelines and help reduce chemotherapy usage and associated treatment costs in primary breast cancer patients.
Introduction
Predictive and prognostic markers are now routinely used to guide patient management in oncology [1] . In women with early-stage estrogen receptor-positive (ER ? ), human epidermal growth factor receptor 2-negative (HER2 -) nodenegative or node-positive primary breast cancer, an individual measure of risk of distant recurrence determines whether the patient is treated with endocrine therapy alone or with additional adjuvant chemotherapy. The decision to use cytotoxic therapy weighs reduced mortality [2] against the morbidity or mortality of adverse effects [3] . Therefore, clinicians need to identify those patients with a low risk of recurrence to avoid the unnecessary use of chemotherapy and its associated toxicities for only marginal risk reduction [4] .
Current clinical guidelines consider clinicopathologic factors, including tumor size, nodal status, and histological grade, to assess individual risk of recurrence. In Germany, for example, the interdisciplinary S3 guideline for the ''diagnosis, therapy, and follow-up of breast cancer'', which is regularly updated by experts, is used in clinical practice for the management of breast cancer [5] . Over the last few years, several molecular markers have entered the market to aid clinical decision making [6] , but their long-term benefits and disadvantages for the patient and the healthcare system need to be balanced [7] .
Since 2011, a new, clinically validated gene expression test (EndoPredict Ò , Sividon Diagnostics, Köln, Germany) has been used to determine the risk of distant recurrence in patients with ER
? , HER2 -breast cancer [8] . The EndoPredict Ò test is based on the assessment of the expression of eight genes of interest by quantitative real-time polymerase chain reaction (PCR) in combination with two clinical risk factors (tumor size, nodal status), which are combined to a hybrid molecular-clinicopathologic score (EPclin) [8] . EPclin adds prognostic information to other routinely measured parameters, including Ki67 [8, 9] , and predicts early and late metastasis [9] . When EPclin is used in combination with established guidelines, chemotherapy use is substantially reduced without compromising patient outcome [10] .
Here we evaluate the health economic impact of EPclin using a life-long Markov state transition model. We compare seven alternative strategies, three implying the use of different standard guidelines based on clinico-pathological parameters and four using EPclin, either alone or in combination with each of the three standard guidelines.
Methods

Overview of the Breast Cancer Disease Model
A Markov state transition model was constructed to represent the patient paths, and clinical and economic consequences, associated with each testing strategy (model implementation, see Electronic Supplementary Material S3.4). Simulated patient cohorts were entered into the model after primary surgery ( Table 1) . The model was comprised of three mutually exclusive health states (disease-free, metastasis, death) and had a life-long horizon (i.e., 50 cycles with a cycle length of 1 year). All patients entered the model in the disease-free state, from which point they could either remain disease free or develop distant metastases; patients with metastases could remain in this state or die (Fig. 1) . Recurrence was defined as any distant metastasis event, with the assumption that 3 % of metastatic patients experienced local recurrence first. Halfcycle correction was used where applicable. Effectiveness was assessed in terms of quality-adjusted life-years (QALYs) gained and life-years gained (LYG). Costs were assessed from the perspective of the German healthcare system. Non-medical direct costs and indirect costs were not taken into account in the base case, but were included in a sub-analysis. Costs are shown in 2010 euros (€) and costs and effects were discounted at 3 %. On this basis, incremental cost-effectiveness ratios (ICERs) were determined. Sensitivity analyses were undertaken to test the robustness of the results.
Strategies Compared and Disease Stages
The risk stratification strategies implemented in the model were the use of EPclin alone and the use of the German-S3 2008 guideline [5] , the 2011 St. Gallen consensus recommendations [11] , and the 2007 National Comprehensive Cancer Center Network (NCCN) guideline [12] . For German-S3-and St. Gallen-based stratification, patients were assigned to a low-versus a combined intermediate-/ high-risk group (referred to as ''high risk'' hereafter). NCCN patients were directly classified as being at low risk or high risk since NCCN does not define an intermediate group. In addition, sequential strategies of combined guideline-based pre-stratification and subsequent testing of high-risk patients with EPclin ( Fig. 1 ; S.1) were also included. In these strategies, only patients who were at high risk according to the respective guideline, and who had a positive molecular test, were regarded as high risk.
All patients were assigned to risk categories based on strategy-specific criteria as described above. However, in German-S3 strategies, patients with small, node-negative [10, 13, 14] . Patients were randomized to either tamoxifen for 5 years, or tamoxifen for 2 years followed by anastrozole for 3 years, without chemotherapy. Of 1,702 trial patients undergoing molecular testing, 1,619 patients were used for health economic analysis (Table 1) ; 83 patients with three or more positive lymph nodes were excluded since they would receive chemotherapy regardless [11] . For the St. Gallen classification, only 1,598 patients were available due to unknown Ki67 status or histologic grading.
Clinical Model Parameters
Low-and high-risk patient paths were modeled using transitions from the disease-free state to metastasis or death, and from metastasis to death. Parametric time-toevent modeling was used to define the transitions, and time-dependent hazards were estimated from the ABCSG6/ 8 10-year distant metastasis-free survival and overall survival (OS) data. Exponential hazard functions best fit the ABCSG data, and were hence estimated for each possible state transition. The resulting hazard rates were converted into transition probabilities for use with the Markov model (Electronic Supplementary Material S2).
The hazard functions for overall and recurrence-free survival (RFS) were calibrated using the curves seen in the ABCSG data. Since no chemotherapy was used in the ABCSG trials, the effect of adjuvant chemotherapy was derived from the largest available meta-analysis of longterm outcomes of patients treated with adjuvant chemotherapy, representing 100,000 early breast cancer patients [15] . Based on this, the relative reduction of risk of metastasis in patients receiving chemotherapy was 0.69 (standard error 0.04), regardless of their risk status.
Utilities
Utility scores representing health-related quality of life were derived from published sources. Utilities for breast cancer states were based on the European Quality of Life-5 Dimensions (EQ-5D) questionnaire, a widely used, selfreported, non-disease-specific, preference-based instrument [16, 17] . A value of 0 indicates a health state equivalent to death or death itself, and 1 represents perfect health.
A comprehensive search for published literature containing information on utilities for health states of breast cancer patients was performed. The utility for the diseasefree state was 0.78 (95 % CI 0.75-0.81), based on applying the visual analog part of the EQ-5D questionnaire [16, 17] to 335 Swedish breast cancer patients [18] , in line with other studies [18] [19] [20] . Patients receiving chemotherapy experienced a disutility of 0.07 for the first 2 years (during and after treatment) based on a literature search including 29 studies on health state utility values for early breast cancer patients [21] ; 2 years was selected since several studies have indicated a long-term negative effect of chemotherapy on a patient's quality of life beyond the time assumed in our model [22] [23] [24] [25] [26] .
The utility for patients in a metastatic state was 0.5 (95 % CI 0.39-0.61) based on the EQ-5D questionnaire (time trade-off method) filled in by clinicians [24] , and was consistent with the literature (95 % CI 0.3-0.62 [21, 27, 28] ).
Medical Resource Use and Unit Costs
The medical resource use for all patients is listed in Electronic Supplementary Material S3. Briefly, all medical interventions related to high-and low-risk patients were taken into account for disease-free, metastatic, and end-of-life therapy. The EPclin test was performed once, where applicable, prior to deciding on the use of adjuvant chemotherapy. Patients classified as high risk were treated with adjuvant chemotherapy, therapy for adverse effects, and endocrine therapy, as well as follow-up care and diagnostics (Electronic Supplementary Material S3.1). Low-risk patients received the same, except for chemotherapy, and in the reference strategies all patients either received chemotherapy or no chemotherapy. In the metastatic setting, it was assumed that all patients receive palliative care and monitoring/diagnostic interventions.
Costs are in euros and represent 2010 prices from the German healthcare perspective. Outpatient costs were based on 2010 Standard Assessment Criteria (evidence-based medicine (EBM)-point value 3.5048 cents) [29] . Costs for inpatients were based on the Diagnosis-Related Groups system in Germany (G-DRG) [30] . Drug acquisition costs were calculated on the basis of the standard pharmacy prices in Germany extracted from the Rote Liste 2010 [31] (Electronic Supplementary Material S3.3).
Sensitivity Analyses
Deterministic Sensitivity Analysis
In one-way sensitivity analyses, the precision and robustness of the results were assessed.
Variables affected by parameter uncertainty, such as prevalence of high-and low-risk scores and utility values, inclusive of the disutility associated with chemotherapy, were varied within their 95 % confidence intervals, where available. OS and progression-free survival (PFS) were assessed by varying the 95 % confidence intervals of the intercepts within the particular hazard function. Unit cost parameters (price of endocrine therapy or chemotherapy, price of diagnostics, costs of metastatic disease, and endof-life management) were varied by ±30 %. Medical resource use parameters were not varied separately; it was assumed that the uncertainty present in these parameters would have been covered by the variation in unit costs.
Unit costs not subject to parameter uncertainty, such as the cost of the EndoPredict Ò test, were varied by ±30 % in scenario analyses. In another scenario it was assumed that only 70 % of patients eligible for chemotherapy would actually receive it [32] . The discount rate was set to 0 and 6 %. A societal perspective was approximated by including indirect costs for absenteeism (€5,600) for patients below 60 years (34 %) [33] .
Hypothetical strategies representing no risk stratification or chemotherapy administration in any patient, and chemotherapy treatment of all patients regardless of their individual risk, were included in a secondary analysis to achieve a broader perspective.
Probabilistic Sensitivity Analysis
Uncertainty around the base-case results was further assessed by probabilistic sensitivity analysis (PSA; secondorder Monte-Carlo simulation), using 10,000 sets of parameter values which were randomly sampled from statistical distributions reflecting the ranges of variation used in deterministic sensitivity analysis [34] . Variables included were prevalence of high-risk groups and utility scores (beta distribution) as well as transition probabilities (i.e., intercepts of hazard functions, normal distribution) and unit costs (±30 %; triangular distribution).
Results
Base-Case Analysis
Costs
The direct medical costs of the different strategies are shown in Table 2 . The costs of chemotherapy and end-oflife management had the highest impact on total (life-long) per patient costs. The average life-long cost per patient treated according to clinical guidelines ranged from €31,699 (German-S3) to €33,756 (NCCN)
The cost of the EPclin test (€1,819) was more than compensated for in these strategies by savings due to reduced chemotherapy use and reduced adverse effects.
Effect
The different testing strategies led to differential clinical outcomes in terms of QALYs gained (Table 3) . Some patients inappropriately received chemotherapy or endocrine therapy alone, which resulted in a loss of QALYs (due to the disutility associated with chemotherapy treatment or foregone effect of chemotherapy, respectively). Among guideline-based strategies, German-S3 yielded the most QALYs (13.169). EPclin alone was superior to all other strategies (13.173 QALYs) in this respect.
Guidelines alone and combined strategies achieved 16.968 (St. Gallen/EPclin) to 17.018 (NCCN) LYG. Undiscounted LYG ranged from 28.108 to 28.227.
Cost Effectiveness
The strategies of St. Gallen/EPclin, German-S3/EPclin, NCCN/EPclin, and EPclin alone were dominant in comparison with the German-S3 reference strategy; i.e., they showed lower costs and higher QALY gains. Compared to St. Gallen alone, the combined St. Gallen/EPclin strategy would save €3,937 and gain 0.005 QALYs per patient on average, whereas German-S3/EPclin versus German-S3 alone would save €3,388 and gain 0.002 QALYs per patient. NCCN/EPclin would save €4,915 and gain 0.007 QALYs versus NCCN alone (Table 3) .
When applying a classical rational choice approach, only non-dominated strategies would be considered and included in the ICER calculation. The use of German-S3/ EPclin would result in an ICER of €208,241/QALY compared with St. Gallen/EPclin, the least costly of the nondominated strategies (QALYs gained: 0.0002, additional costs: €43). The use of EPclin alone would imply an ICER of €294,881/QALY compared with German-S3/EPclin (QALYs gained: 0.002, additional costs: €676). NCCN/ EPclin would be weakly dominated (Fig. 2a) .
In a secondary analysis, two hypothetical strategies (no chemotherapy to any patient; chemotherapy to all patients) were added to put the impact of guideline-and EPclin-based decision making into perspective. The use of the St. Gallen/EPclin showed the most favorable ICER compared with the least costly strategy of no chemotherapy (€77,141/QALY) (see Electronic Supplementary Material S5.1-5.2).
Cost effectiveness in terms of cost per LYG is shown in Fig. 2b . St. Gallen/EPclin, German-S3/EPclin, German-S3, and NCCN dominated the other strategies. Based on rational choice criteria, German-S3/EPclin had an ICER of €33,617/LYG versus St. Gallen/EPclin.
Approximately 71,660 new breast cancer patients are registered annually in Germany (2008), of whom 55 % would be eligible for a combined strategy (i.e., 39,413 patients) [35] . The German-S3/EPclin strategy would therefore lead to an annual saving of €134 million, and a gain in 78.826 QALYs per year, compared with German-S3 alone. Compared with St. Gallen alone, the St. Gallen/ EPclin strategy would save about €177 million and gain 197,065 QALYs in Germany. 
Sensitivity Analysis
The deterministic and scenario analyses led to a slight variation in the rank order of the combined strategies, although their advantage remained. Variation of the discount rate, the disutility due to chemotherapy, hazard rates, and the prevalence of some high-risk classifications had a strong impact on costs and effects, but cost effectiveness was essentially unaffected (Electronic Supplementary Material S4-5). Reducing chemotherapy use among eligible patients to 70 % yielded reduced costs and QALYs for all strategies, and the NCCN/EPclin combination and EPclin alone became dominated. PSA results are shown in Fig. 3 and Electronic Supplementary Material S6.
Discussion
Our study is the first health economic analysis of the EPclin test. EPclin has acceptable health economic characteristics from the perspective of the German healthcare system. Combining the St. Cost-effectiveness thresholds for clinical interventions vary across countries. For example, in the USA they range from $US50,000 to $US100,000 (€36,600-73,200) per QALY gained and from £20,000 to £30,000 (€23,000-35,000) per QALY gained in the UK, although actual resource allocations may differ [36] . In our basecase analysis, St. Gallen/EPclin, German-S3/EPclin, NCCN/EPclin, and EPclin alone were dominant strategies. Compared to current, guideline-based clinical practice, adding EPclin yielded better clinical outcomes on the QALY scale, at lower costs.
Our analysis did not take into account strategies involving other genetic testing platforms. The main reason for this was lack of information on the results the Oncotype DX Ò multigene test or other genetic tests would have Fig. 3 Probabilistic sensitivity analysis results: a cost versus quality-adjusted life-years; b cost per life-year gained. The cost-effectiveness acceptability curves show probabilistic sensitivity analysis-based probabilities of strategies being cost effective. For different willingness-to-pay thresholds, different strategies may be optimal. EUR euros, LYG lifeyears gained, NCCN National Comprehensive Cancer Center Network, QALYS qualityadjusted life-years yielded in the ABCSG6/8 patients, which formed the basis of this analysis. The Oncotype DX Ò multigene test was recommended for use in routine practice in the USA [37] in 2007, and the health economic implications of this have been thoroughly investigated [7, 33, [38] [39] [40] . Although many studies have claimed cost effectiveness, uncertainties around their estimates were not always fully addressed [7] . Input parameters, including amount of chemotherapy use, recurrence rate, quality of life, time horizon, and the test cost seemed to most strongly influence the results [41] .
Blohmer et al. [33] developed a Markov model to assess the costs and effects of using Oncotype DX Ò prior to adjuvant chemotherapy in Germany, and reported that an Oncotype DX Ò -based strategy would save an average of €561 and increase QALYs by 0.06 per patient. Hornberger et al. [40] compared an Oncotype DX Ò strategy with the NCCN guideline and reported savings of $US2,028 (€1,669), and a gain of 0.086 QALYs, per patient. A direct comparison between Oncotype and EPclin on the basis of these results and ours would be difficult given different modeling approaches being used, lower test costs of EPclin, and the different proportion of patients classified as low-risk by EPclin compared with Oncotype DX Ò . Nevertheless, all these studies showed cost savings and health gains due to the usage of genetic test results. In contrast to our EPclin-specific model, the two Oncotype DX Ò models generated by Blohmer et al. [33, 40] and Hornberger et al. [33, 40] considered a predictivity for chemotherapy benefit, i.e., the relative benefit from chemotherapy was assumed to be lower in low-risk patients than in high-risk patients. This assumption was based on a significant test for treatment interaction of the Oncotype DX Ò test observed in the randomized (endocrine vs. endocrine-chemotherapy treatment) NSABP (National Surgical Adjuvant Breast and Bowel Project)-B20 and the SWOG (Southwest Oncology Group)-8814 clinical trials in adjuvant breast cancer patients [42, 43] . Results from neoadjuvant studies suggested that chemotherapy sensitivity may also be enhanced in patients at high risk according to EPclin [44] , but so far EPclin has not been evaluated in a randomized adjuvant clinical trial to prove that EPclin selects women who will benefit from chemotherapy treatment. In order to approximate the effect of chemotherapy, we used the largest currently available, relevant meta-analysis by Peto et al. [15] . The assumed relative risk of 0.69 for distant recurrence, in patients undergoing adjuvant chemotherapy, may therefore not be entirely correct for low-risk patients, given their low overall probability of developing a recurrence. Nevertheless, the relative benefit of adjuvant chemotherapy has been shown to be independent from standard prognostic parameters such as ER status, grading, or nodal status [15] . It is worth mentioning that in the Early Breast Cancer Trialists' Collaborative Group (EBCTCG) metaanalysis, non-cancer-related mortality was increased due to chemotherapy (relative risk 1.2, p = 0.05), while overall mortality was reduced (relative risk 0.84, p \ 0.0001) [15] . In order to remain conservative, we did not apply the increase in non-cancer-related mortality, since it was unclear whether this was a true effect or a result of competing risk. We assumed that metastases can still occur even in patients with a 10-year RFS, as shown elsewhere [45, 46] .
Hall et al. assessed the impact of Oncotype DX Ò versus a chemotherapy strategy for early stage lymph node-positive breast cancer patients in the UK [7] . The testing strategy achieved a small increase in life expectancy (0.15 LYG) or quality-adjusted life expectancy (0.16 QALY), but also an increase in cost (£860, €1,096). The costs were the greatest driver of the base-case ICER (£5,529 or €6,428/QALY). The authors clearly demonstrated the potential of molecular stratification, but also showed that there is a risk of a negative balance between costs and health benefits. Importantly, in our model only 28 % of patients were node positive, and therefore had a lower baseline risk of distant metastasis. Hall et al. also included an assessment of the relative risk of death due to chronic heart failure after chemotherapy, which was not considered in our more conservative model (in order to better discriminate the effects of EPclin). Cardiac events, and especially delayed cardiac death, are uncommon (especially with docetaxel-combined chemotherapy), and cannot always be linked directly to chemotherapy [47] . This explains, in part, the reason why a greater effect was observed in terms of both QALYs and LYG in the Oncotype DX Ò -guided strategy than in our results. Our study has both strengths and limitations. The value of a diagnostic test or guideline depends on the ability to differentiate risk. While this is normally presented as sensitivity and specificity [48] , here we did not need to explicitly include these parameters because they were indirectly taken into account in the hazard rates for metastasis extracted from the actual ABCSG trial data [48] . In the absence of chemotherapy data, we had to rely on published data for the utilities and effect of chemotherapy, which in part originated from outside Germany. The utility values had to be drawn from European sources, even though clinical treatment schedules or perception of life quality can vary between countries, evaluation methods, and severity of condition [21] . Given the fact that chemotherapy is likely to negatively influence the quality of life of treated patients, we included a disutility to account for this and as similarly used in other studies [7, 22, 23, 33] .
Resource use and unit costs were abstracted from a previously published German study, which might introduce uncertainty [49] . However, the model inputs were selected to best match our defined patient population, and extensive sensitivity analyses were performed to take uncertainty into account. A strict follow-up schedule was assumed for all patients, which might be inappropriate, especially for lowrisk patients not receiving chemotherapy; follow-up costs might therefore be even smaller for low-risk patients. The results seemed most sensitive to the hazard rates (e.g., for disease free to metastasis) and the risk classification by various strategies. One reason for this might be the low event number in some risk groups (e.g., stratified by NCCN), which may have increased the influence of chance. In order to partially overcome this problem, we pooled the hazard rates for risk of death from general causes and the risk of death in metastatic patients, thereby improving accuracy.
cThe results presented here were derived using a cohort approach and are valid for an 'average' patient. However, specific patient subgroups might respond differently, with better or worse clinical outcomes. ABCSG6/8 were trials for post-menopausal patients with lower than average risk, favoring the adoption of a more conservative model. An additional question is whether patients actually receive their chemotherapy according to guidelines [50, 51] ; it has recently been shown that chemotherapy was only given to 69 % of older women with node-positive and/or ER-negative cancers [32] , and although the decision to opt for chemotherapy was easy for about 60 % of women, 23 % found it problematic [52] . Our results may suggest that the EPclin test can mostly contribute to avoiding chemotherapy treatment in patients who would be recommended for chemotherapy according to current practice using clinical guidelines. Hence, it may be most obviously relevant for younger, fit patients due to wide use of chemotherapy in this group. However, older patients have a higher risk of experiencing adverse effects of chemotherapy and may be more reluctant to undergo treatment. In this group of older patients, the test may persuade high-risk patients to undergo chemotherapy treatment and may therefore increase survival and costs over current practice. Similarly, use of the genetic test might change decisions on chemotherapy use in lymph node-negative or lymph node-positive (1-3?) patients, with both clinical and economic implications. Given the lack of information on resource use, chemotherapy effect and other parameters across these subgroups, it was not possible to analyze the cost and effects for specific patient groups. The fact that some patients may not get chemotherapy despite guideline recommendations was addressed in a scenario analysis, where only a proportion of patients were given chemotherapy. In this analysis, the costs and effects of all strategies decreased and the combined St. Gallen/EPclin and the EPclin alone strategies remained dominant. The preferences of cancer patients always need to be considered, especially when the benefits from therapies are disputable.
Conclusions
Biologic and clinical markers can provide prognostic and predictive information and determine the residual risk after standard hormone therapy and the relative risk reduction for additional chemotherapy [53, 54] , sparing exposure to hazardous and expensive adverse events [3] . Our results add to the rationale for addressing this approach in terms of the health economics of clinically validated tests and guidelines, to find those patients who benefit most from chemotherapy. The present study suggests that molecular tests such as EPclin can be sensibly combined with clinical guidelines and can help reduce chemotherapy use in ER ? breast cancer patients with few other clinical risk factors [10] . Improved risk stratification can be translated into increased quality-adjusted life and is economically viable. Author contribution PRB and MS initiated and led the project, methodological and parameterization decisions, designed the structure of the economic aspects of the model, reviewed the literature, and drafted the manuscript. JCB, KEW, RK, and SL were involved in model design and assisted with parameterization, reviewed the literature, and reviewed and modified the manuscript.
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